Mini-abstract In pre-pubertal girls, nutrient intakes and non-aquatic organized activity were evaluated as factors in vertebral body bone mass, structure, and strength. Activity, vitamin B 12 , and dietary fiber predicted bone outcomes most consistently. Exercise and vitamin B 12 appear beneficial, whereas high fiber intake appears to be adverse for vertebral body development. Purpose Childhood development sets the baseline for adult fracture risk. Most studies evaluate development using postero-anterior (PA) dual-energy X-ray absorptiometry (DXA) areal bone mineral density, bone mineral content, and bone mineral apparent density. In a prior analysis, we demonstrated that PA DXA reflects posterior element properties, rather than vertebral body fracture sites, such that loading is associated with subtle differences in vertebral body geometry, not 3D density. The current analysis is restricted to pre-pubertal girls, for a focused exploration of key nutrient intakes and physical activity as factors in dual plane indices of vertebral body geometry, density, and strength. Methods This cross-sectional analysis used paired PA and supine lateral (LAT) lumbar spine DXA scans to assess B3Dv e r t e b r a l b o d y b o n e m i n e r a l a p p a r e n t d e n s i t y (PALATBMAD), B3D^index of structural strength in axial compression (PALATIBS), and fracture risk index (PALATFRI). Diet data were collected using the Youth/Adolescent Questionnaire (YAQ, 1995); organized physical activity was recorded via calendar-based form. Pearson correlations and backward stepwise multiple linear regression analyzed associations among key nutrients, physical activity, and bone outcomes. Results After accounting for activity and key covariates, fiber, unsupplemented vitamin B 12 , zinc, carbohydrate, vitamin C, unsupplemented magnesium, and unsupplemented calcium intake explained significant variance for one or more bone outcomes (p < 0.05). After adjustment for influential key nutrients and covariates, activity exposure was associated with postero-anterior (PA) areal bone mineral density, PA bone mineral content, PA width, lateral (LAT) BMC, B3D^bone cross-sectional area (coronal plane), B3D^PALATIBS, and PALATFRI benefits (p < 0.05). Conclusions Physical activity, fiber intake, and unsupplemented B 12 intake appear to influence vertebral body bone mass, density, geometry, and strength in well-nourished pre-pubertal girls; high fiber intakes may adversely affect childhood vertebral body growth.
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Introduction
Osteoporosis is a leading cause of morbidity for post-menopausal women [1] . As peak bone mass correlates negatively with osteoporosis risk, greater childhood and adolescent bone mass accretion reduces lifetime osteoporosis risk [2] . While 60-80% of peak bone mass variance is dependent on genetic factors, modifiable factors such as diet and exercise play important roles in bone development [3] . However, researchers have yet to establish specific, effective diet and exercise prescriptions for optimizing bone development.
Existing evidence indicates that participation in weightbearing and/or impact-loading activity during growth results in significantly greater bone mineral accrual compared with non-weight-bearing and non-impact activity [4] . Research indicates that calcium and vitamin D are important for bone growth and maintenance in children and adults [5] . However, there have been conflicting reports of bone fragility associated with calcium, vitamin D, and dairy intakes [6] . Protein, magnesium, phosphorous, potassium, vitamin C, vitamin K, vitamin B 12 , and zinc are less well-studied, but are thought to be key nutrients for bone health and development [7] [8] [9] [10] .
Mechanical loading and diet effects upon bone appear to be site-specific and tissue-specific [11, 12] . Our research group has evaluated loading associations in cortical and cancellous bone tissues, using traditional postero-anterior (PA) dual-energy X-ray absorptiometry (DXA) at a variety of sites, paired PA and supine lateral (PALAT) DXA of the lumbar spine, and peripheral quantitative computed tomography (pQCT) scans of the forearm [12] [13] [14] . Our work indicates that femoral neck loading appears to constrain bone width in favor of greater cortical thickness and density [12] ; in contrast, at the radius [12, 13] and lumbar spine [14] , loading is associated with expanded bone geometry, particularly of the cortex, with more subtle increases or no tangible increases in cancellous tissue volumetric density, respectively [12] [13] [14] .
Vertebral bodies are the predominant sites for insufficiency fractures of the spine. Although vertebral body fractures are rare during childhood, failure to develop robust bone during youth increases fracture risk in adulthood. Accordingly, adoption of a lifestyle that improves vertebral body bone properties is an important strategy to reduce site-specific fracture risk in adulthood. As vertebral bodies are primarily composed of cancellous tissue, increasing cancellous volumetric density should be an important goal in reducing vertebral fracture risk. Our prior work in a maturationally diverse cohort indicated that gymnastic loading does NOT increase vertebral body volumetric density, as assessed using paired PALAT DXA scans. [14] Our study demonstrated that prior research on lumbar spine loading adaptation erroneously exaggerated benefits by reporting areal bone mineral density (BMD) and bone mineral apparent density (BMAD) based solely on PA DXA scans [14] . PA scans include the cortical posterior elements and also use PA area to calculate Bvolume,^thereby exaggerating benefits [14] . Our prior analysis led us to question whether (1) the maturational diversity of our cohort masked vertebral body loading adaptations, (2) evaluating gymnastic loading as a discrete variable concentrated associations within the posterior elements and/or blunted capacity to evaluate loading patterns across the entire sample, and (3) unmeasured nutrient intakes were key factors in vertebral body properties.
Thus, for the current analysis, we evaluated a new range of dietary factors and assessed loading as a continuous variable in a maturationally homogeneous cohort of pre-pubertal girls. We used PALAT DXA to address the limitations of PA DXA lumbar spine assessment, including fan beam magnification error, failure to account for vertebral depth, and lack of ability to distinguish vertebral body BMC from the posterior elements [14] . We still use DXA, rather than CT, as PA DXA BMD is strongly correlated with fracture risk, and DXA scans can rapidly measure large regions of interest, have high precision and accuracy, and generate low radiation exposure [3, 15, 16] .
By pairing PA scans with LAT scans, we reduce confounding effects of fan beam magnification error and isolate BMC from the vertebral body, thereby excluding posterior element tissue [14, 17] . PALAT DXA scans also provide a three-dimensional lumbar spine geometric assessment, incorporating PA width (PAWIDTH), lateral vertebral depth (LATDEPTH), and lateral vertebral body height (LATHEIGHT) [14, 17] . PALAT assessments yield more appropriate bone geometry and total BMAD than BMAD derived from two-dimensional PA or LAT scans alone [14] . As bone strength is determined by both bone mineral content and structure, PALAT DXA allows superior estimation of 3D bone structure and strength indices, specific to the vertebral body. [14] To our knowledge, no studies have evaluated the influence of organized physical activity and diet on pre-pubertal vertebral body properties using PALAT DXA. The aim of the current analysis is to associate key bone nutrients and physical activity exposure with bone mass, geometry, and strength in pre-pubertal girls, using paired PA and LAT DXA scans to generate 3D assessments. We hypothesize that by limiting our sample to pre-pubertal girls, expanding our nutrient assessments, and evaluating exercise loading as a continuous variable, we will improve our capacity to explain variability in vertebral body-specific properties. In this manner, we will improve understanding of the roles of diet and exercise in optimal bone development.
Methods

Study design
The data used in this cross-sectional, observational study are from an ongoing study of bone growth in relation to physical activity, including female gymnasts and non-gymnasts [14] . The study was approved by the Institutional Review Board of SUNY Upstate Medical University and complies with US bioethical legislation and the ethical standards of the Declaration of Helsinki. Written parental consent and child assent were obtained.
Participants
Participants were recruited from local gymnastics schools, private schools, and athletic groups [14, 18] . To avoid the potential confounding influence of variability in sexual hormones on bone mass acquisition, and to examine an isolated maturity stage, only pre-pubertal participants were included in the present analysis (Tanner stages: breast I, pubic I). One participant was excluded as an outlier for vitamin C and vitamin B 12 intakes, yielding 50 participants. Racial/ethnic cohort composition is as follows: 1 Native American, 4 Asian/mixed race, 0 black/mixed race, 45 white, and 0 Hispanic.
Anthropometry
Height and weight were measured contemporaneously with the DXA scans, using a wall-mounted stadiometer (Health o Meter) and an electronic digital scale (Detecto), respectively [14, 18] . Body mass index (BMI, kg/m 2 ) of each participant was calculated. BMI-for-age percentiles were plotted using the Centers for Disease Control and Prevention (CDC) growth charts for children and adolescents aged 2 to 20 years [19] .
In the current analysis, physical maturity has been purposefully limited to pre-pubertal status. During pre-puberty, linear growth dominates and weight and height are tightly coupled (current study r = 0.79, p < 0.0001). Furthermore, in this cohort, lean mass is tightly coupled with both height and weight (r = 0.88, 0.92, p < 0.0001). Thus, collinearity is high for height, weight, and lean mass correlations with indices of bone geometry, density, and strength. While weight and lean mass explain bone index variance, we prioritize evaluation of loading and nutrition influences after accounting for general skeletal size (height), particularly as height was the strongest correlate with B3D^vertebral body bone mineral apparent density (PALATBMAD). Thus, we evaluated height as a covariate, rather than weight, to account for body size as a factor in vertebral body properties. Height was excluded from models for dependent variables that are a direct function of height or include height in their calculation (vertebral body height, fracture risk index).
Physical maturity
Self-assessed Tanner breast and pubic stages were used to determine pre-pubertal status [20] . Line drawings of Tanner's development stages were presented to the participants, with five stages of sex characteristics (breast and pubic hair development) described in captions. Participants circled the best representations of their own breast and pubic development, with parental assistance as necessary [12, 14] .
Dietary intake
Participants' usual dietary intakes were evaluated semi-annually using the self-administered semi-quantitative Youth Adolescent Questionnaire (YAQ, 1995 version), developed for use in children and adolescents by researchers at Harvard University. The questionnaire lists 145 foods and supplements and standard serving sizes or natural portions of each item [21] . YAQ validity was validated against 24-h recalls, with the exception of vitamin A, carotene, and alcohol [21] . Intakes were evaluated with and without supplementation of the focal nutrients, using current dietary guidelines for recommended dietary allowances and estimated average requirements/adequate intakes, as detailed [22] .
YAQ data collected contemporaneous with the DXA scan were used in analyses, as an indication of habitual intakes over the prior year. The following macronutrients were evaluated: total calories, fat, protein, carbohydrate, and fiber; regressions evaluating total calories and protein were performed in isolation from other nutrients due to high collinearity. The following micronutrients were evaluated: calcium, magnesium, phosphorus, zinc, vitamin C, vitamin D, and vitamin B 12 (with and without supplementation). We did not evaluate vitamins A and K in this analysis, due to concerns regarding validity of assessments for both vitamins. As noted above, vitamin A validity was deemed inadequate by the main Harvard research group [21] . Regarding vitamin K, the questionnaire did not specify intakes of live and active cultures via yogurt and other fermented foods (e.g., kefir, specific cheeses, kimchi, sauerkraut, etc.), thereby eliminating our means to evaluate the intakes of increasingly popular sources of vitamin K (K-2: menaquinone) [23] . Thus, we had concerns about the quality of resultant vitamin K data and did not evaluate vitamin K in our analyses.
Physical activity
To account for osteogenic activity exposure, total organized, non-aquatic physical activity was recorded to represent participation for the year prior to baseline and semi-annually thereafter, using a calendar-based form to yield activity-specific participation in organized activities (h/week). Based on recruitment for the longitudinal study, girls were grouped as either gymnasts (annual mean training ≥6 h/week) or non-gymnasts. Non-gymnasts were not necessarily sedentary. Hence, instead of focusing on gymnastics, the current study evaluated participants according to their annual mean organized physical activity levels, excluding aquatic activity (mean h/week). To more accurately evaluate the relationship between activity exposure and bone outcomes, participants' activity levels were used as a continuous variable, reflecting annual activity exposure for the year prior to the focal DXA scan.
Body composition, bone density, and bone geometry DXA was used to assess bone (Hologic Discovery A, software v.12.7.3, Waltham, MA). At annual DXA measurements, PA and LAT lumbar spine DXA scans were performed to obtain postero-anterior areal bone mineral density (PABMD), PA bone mineral content (PABMC), PAWIDTH, LATHEIGHT, and lateral BMC (LATBMC), using equations published previously (see Fig. 1 ) [14, 17] . All scans were analyzed by a single investigator (JD) using Apex software (Hologic Discovery A, software v.12.7.3, Waltham, MA, USA).
Only data from lumbar vertebra 3 (L3) were analyzed, as L2 and L4 are often overlapped by rib and pelvic bone in lateral scans [14, 24] . Plane-specific bone geometric indices were calculated, including mean PAWIDTH (=PAAREA/LATHEIGHT) and LATDEPTH (=LATAREA/LATHEIGHT). PALATBMAD, B3D^index of structural strength in axial compression (PALATIBS), and fracture risk index (PALATFRI) were calculated using formulae based on simplified geometric models [14, 17] . R a t h e r t h a n r e l y i n g u p o n H o l o g i c s t a n d a r d width-adjusted BMD and width-adjusted volume, investigator-calculated PALATBMAD was used for data analysis. These calculations were performed because, in this software version, the standard Hologic output erroneously uses only lateral bone geometric indices, whereas our methodology incorporates PA bone width to assess 3D geometry [14] .
Data analysis
Descriptive statistics were computed. Data from dependent variables were normally distributed, with the exception of PALATFRI. Thus, PALATFRI was converted to natural
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Lateral Results logarithm form for analysis and back-transformed for presentation of results. Data for many independent variables were non-normally distributed; accordingly, Kruskal-Wallis non-parametric tests were used to evaluate potential bias (gymnasts vs. non-gymnasts). Pearson correlation coefficients were calculated to evaluate the bivariate relationships between dietary intakes and bone measurements. Backward, stepwise, multiple linear regressions were used to determine the most influential nutrients and examine associations among key nutrients (total calories and protein evaluated separately, as noted above) and bone measurements, accounting for physical activity, age, and body size, as appropriate. For all dependent variables, these analyses ensured statistical consideration of the role of annual mean physical activity, age, and/or height, as these factors are known to influence bone status; in cases where these variables were not influential (p > 0.10), they were excluded from models to avoid potential variance inflation. Height was excluded from models for bone outcomes that are a function of height (LATHEIGHT, PALATFRI). The criterion for independent variable removal from stepwise regression models was p > 0.10. Beyond these practices, variance inflation factors were evaluated as an indicator of excessive collinearity (acceptable variance inflation factor (VIF) <5.0). The alpha level was set at p < 0.05 for all tests. All data analyses were performed using SPSS for Windows, version 23 (SPSS, Inc., Chicago, IL).
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Results
Participant characteristics
Participants included in the analyses were 7 to 12 years of age. The mean percentile rank for BMI for age was 43.08 (SD = 25.34, 4-98). Descriptive characteristics of the subjects are shown in Tables 1 (anthropometrics) and 2 (intakes). Participants were active in a variety of activities during the year prior to the focal DXA scan, with the most common activities being gymnastics, soccer, and dance (Table 3) . There were no significant differences between gymnasts (≥6 h/week annual mean training for year prior to DXA) and non-gymnasts (all others) for any independent variables other than annual mean hours per week of organized activity participation (GYM > NON, Kruskal-Wallis p < 0.001) and vitamin D (GYM < NON, with or without supplementation, Kruskal-Wallis p < 0.04). However, there were strong trends for differences in age (GYM> NON, K-W p = 0.05) and supplemented intakes for calcium, phosphorus, B 12 , and zinc (NON > GYM, K-W p < 0.09), as well as unsupplemented calcium intake (NON > GYM, K-W p < 0.10).
Dietary intakes
Focal daily mean intakes of energy, macronutrients, and micronutrients are shown in Table 2 . The mean intakes of the focal nutrients that met or exceeded the Dietary Reference Intakes were as follows: carbohydrate, protein, phosphorus, magnesium, vitamin A, vitamin C, zinc, and vitamin B 12 . The mean intakes of fiber, calcium, vitamin D, and potassium were below the recommended dietary allowance (RDA). The biggest nutrient of concern was potassium, since only 8% of the participants met the RDA for this nutrient. For all other nutrients of interest excluding potassium, 70% of subjects met the estimated average requirement (EAR) with supplementation; 18% met the EAR without supplementation. For all nutrients other than potassium, 50% of the subjects exceeded the RDA including supplements, whereas only 2% of the subjects met or exceeded the RDA without supplementation. In the present study, 58% of participants reported taking multivitamin/ mineral (MVMM) supplements, with 38% of participants taking ≥3 MVMM pills per week. 
Physical activity
On average, annual mean non-aquatic organized activity exposure was 6.9 ± 5.1 h/week. In total, only 30% of subjects met the physical activity recommendations of ≥1 h per day (on average, approximated as at least 7 h/week). Of these subjects, >85% did not participate in organized aquatic activity, and no subject participated in aquatic activity for an annual mean of >1 h/week. This proportion (30%) was identical when aquatic activity was included, but increased to approximately 50% when school-based physical education of 1.41 h/week was entered (45 min × 2.5 days/wk × 9/12 months). Organized non-aquatic physical activity levels were variable, ranging from 0 to 21.5 h/week. Organized non-aquatic physical activity exposure was not significantly correlated with any nutrient intake, although there was a trend toward negative correlation with supplemented vitamin D intake (Pearson r = −0.27, p = 0.06).
Bone outcome regression results
Organized activity was included in all models ( RDA/AI in excess of mean intakes for the sample are noted in italics EAR estimated average requirement, RDA recommended dietary allowance, AI adequate intake, wo oral intake without supplementation Note: Girls often participate in more than one activity; thus, activity participation is not mutually exclusive. For example, girl no. 3 participated in gymnastics, soccer, tennis, dance, and basketball during the year prior to the focal DXA scan. Furthermore, although the majority of girls (n = 37) participated in gymnastics the year prior to the DXA scan, most (n=19) did not achieve an annual mean training level of ≥ 6 h per week for the year prior to the focal DXA scan (the threshold for Bgymnast status^in our prior PALAT lumbar spine DXA analysis) was purposefully excluded from models for LATHEIGHT and lnPALATFRI, because these variables are a function of subject height and/or include height in their calculation. Otherwise, height was included in all models, explaining 17 to 50% of variance (p ≤ 0.001). Fiber (negative) and unsupplemented B 12 (positive) were the most common nutrients included in models. Carbohydrate, unsupplemented minerals (zinc, magnesium, calcium), and supplemented vitamin C were also included in one or more models. Variance inflation factors were <5.0 for all included variables in all models, indicating that appropriate levels of collinearity were not exceeded. The exception was PALATBMAD, for which no effective regression model was developed due to low proportion of explained variance and high collinearity among included variables (VIF = 6.9 to 26.6). Upon evaluation of simple correlations within the PALATBMAD regression analysis results, we noted trends that indicate small to medium effect sizes for a negative correlation with fiber (r = −0.18, p = 0.10) and for positive correlations with age, height, activity, and unsupplemented B 12 (r = +0.18 to +0.23, p ≤ 0.11).
Discussion
To our knowledge, this is the first study to evaluate relationships among diet, physical activity, and threedimensional bone outcomes, as measured by paired PALAT lumbar spine DXA scans, in pre-pubertal girls. Positive associations were detected between physical activity exposure and multiple bone outcomes, including PABMC, PABMD, PAWIDTH, PALATCSA, and PALATIBS; a beneficial negative association was observed between physical activity and PALATFRI. The negative association of activity with LATHEIGHT explains part of the association between higher activity and lower PALATFRI. These activity associations were significant after adjusting for age and/or height and all nutrients evaluated, as appropriate. We did not detect a significant independent influence of any variable on PALATBMAD, suggesting that lumbar spine cancellous bone adaptation to mechanical loading is geometric in nature, not densitometric, and that cancellous bone density is not responsive to variability in nutrient intakes over the observed range. Overall, the results support the importance of physical activity to lumbar vertebral body BMC, BMD, width, and strength indices, suggesting that adaptation occurs via greater width at the expense of vertebral height. The most consistent influential nutrients appeared to be vitamin B 12 and fiber, with high fiber intakes appearing to exert a detrimental influence on several vertebral body properties and B 12 positively influencing multiple bone outcomes.
Expanded bone geometry has been correlated with greater organized activity exposure by other researchers using PA DXA [25] . In the current analysis, we have provided the first report of a significant positive association between physical activity exposure as a continuous variable and LATBMC. LATBMC is thought to be superior to PABMC for evaluation of vertebral body properties, because lateral DXA scans allow isolation of the vertebral body (main osteoporotic fracture site) from the posterior elements [14] . Notably, the present study detected significant positive associations between activity exposure dose as a continuous variable and L3 vertebral body bone mass, after accounting for the statistical effects of multiple key nutrient intakes. This novel finding indicates possible dose-dependent benefits of weight-bearing activity in girls prior to puberty that are not a function of the posterior elements.
Bone geometry is an important determining factor for bone strength and fracture risk, in addition to and separate from bone mass and density [26, 27] . We detected a significant positive association between L3 width and physical activity exposure, consistent with other studies [26, 27] . Corroborating our prior findings in a more heterogeneous sample, we detected associations between loading during growth and advantages in both PAWIDTH and PALATCSA [14] . No significant associations were found between activity exposure as a continuous variable and LATDEPTH or PALATBMAD. As in our heterogeneous maturational analysis, we detected a negative association between loading exposure and vertebral body height, indicating possible prioritization of bone deposition to increase bone width in the lateral plane (PAWIDTH), at the expense of growth in height. In the current analysis, we limited our sample to girls who have yet to be exposed to increased pubertal estrogen levels, and we accounted for influential variability in key nutrient intakes.
In our prior work, specific to gymnastic loading, it was postulated that LATDEPTH expansion may be diminished by tensile resistance from posterior elements and ligamentous connections, while vertebral PAWIDTH expansion may be required due to the relative absence of medial-lateral accessory support against loading [14] . The current analysis corroborates this observed positive association between activity-related loading exposure and PAWIDTH, in what appears to be a dose-dependent manner, across a variety of activity types.
In the present study, no significant association was f o u n d b e t w e e n a c t i v i t y a n d PA L AT B M A D . O u r PALATBMAD regression model demonstrated limited explanatory value (adjusted model r 2 = 0.07), with excessive variance inflation factors (6.9-26.6). When we attempted to reduce variance inflation by excluding magnesium, all predictors were excluded from the model. Looking at . Overall, in this sample, PALATBMAD was not significantly correlated with any of the independent variables evaluated, including age, height, physical activity, or nutrient intake. It is possible that we would detect significant associations with fiber and B 12 intakes in a larger sample. Alternatively, BMAD (or volumetric BMD (vBMD)) may not be responsive to focal dietary variables or loading exposures. Overall, the lack of significant associations with PALATBMAD is similar to findings from our previous work [14] . It is possible that lumbar spine BMAD and vBMD reflect trabecular microarchitectural properties that are primarily determined by genetic factors or that they are only subtly modified by environmental conditions that do not stray into pathological territory (e.g., malnutrition, anorexia, severe illness/ disability, bed rest). We identified significant positive associations between physical activity and PALATIBS and negative associations between activity and FRI. In contrast with studies that reported higher fracture risk in children with higher physical activity [28] , we did not evaluate actual fracture incidence.
Fiber intake was negatively correlated with multiple bone outcomes (PABMD, PABMC, LATBMC, LATHEIGHT, PALATIBS). These findings are consistent with other research evaluating fiber intake and lumbar spine BMD in female adolescent athletes [29] . One potential mechanism for an inverse correlation between dietary fiber intake and bone properties is that fiber reduces the digestibility of food and the absorption of nutrients by increasing the bulk of intestinal contents and shortening gastrointestinal transit time; thus, with high fiber intakes, calcium and other minerals have less time to be absorbed [30, 31] . This mechanism is supported by the findings of Wolf et al., in which dietary fiber served as an independent predictor of calcium absorption efficiency (high fiber was correlated with low calcium absorption) [30] .
An alternative explanation for our observed negative correlation between fiber and bone outcomes is that fiber may affect female reproductive hormones, which are, in turn, associated with bone metabolic function. Dietary fiber can bind to sex hormones, particularly estrogen; this binding reduces estrogen reabsorption and promotes estrogen excretion [32] . In a prospective cohort study of 259 healthy pre-menopausal women, Gaskins and colleagues provided evidence to support this mechanism: high dietary fiber intake was positively correlated with risk of anovulation and inversely associated with serum concentrations of estradiol, progesterone, luteinizing hormone, and follicle-stimulating hormone [33] .
In our analyses, unsupplemented vitamin B 12 intake was positively correlated with multiple bone outcomes. A possible mechanism for this association is that inadequate B 12 may reduce osteoblast activity, as evidenced by supplementation-related increases in osteocalcin and bonespecific alkaline phosphatase levels among B 12 -deficient patients, but not among B 12 -replete subjects [10, 34] . Unfortunately, the majority of relevant research has been performed in populations at high risk for vitamin B 12 deficiency or high risk of osteoporosis [9, 10, 34] ; accordingly, the role of vitamin B 12 in bone health among healthy adolescents is not well-established. In a cross-sectional study evaluating serum B 12 levels as a factor in adolescent BMD and BMC, serum B 12 was significantly lower among subjects with low BMD or BMC than in subjects with normal BMD or BMC [35] . Similar associations have also been observed in elderly women [36] .
In addition to potential direct effects on bone mineral density and content, vitamin B 12 may also indirectly affect bone fracture risk via homocysteine [9, 10] . High serum homocysteine levels may weaken bone by interfering with collagen cross-linking, thus increasing the risk of bone fracture [9, 10, 34] . Vitamin B 12 is one of the key determinants of serum homocysteine concentrations, and multiple studies have indicated that elevated homocysteine is an important risk factor for bone fracture [34, 36, 37] . Future research is needed to evaluate associations among serum B 12 , serum homocysteine, and bone properties in adolescents.
The limited number of significant associations among diet variables and bone outcomes may be a result of adequate energy and intakes for most nutrients. The participants in our study met the DRIs for energy and most macronutrients, as well as most of the key bone nutrients, even without taking dietary supplements into account. In addition to optimal oral intake, 59% of the participants also reported taking MVMM supplements, which is higher than the average intake of dietary supplements (31%) in US children [38] . In a study by Dwyer et al., dietary supplementation was higher among individuals reporting very good health, and physical activity level and healthy dietary habits were positively associated with supplement use [38] .
For calcium and vitamin D, although the mean intakes for our subjects were slightly below the RDA, girls did meet the EARs [39] , and their intakes were higher than the average intakes of US girls aged 9-13 years of age, respectively [40] . The current study did not detect associations between calcium or vitamin D and bone outcomes. In contrast, past intervention studies reported positive associations between high dietary or supplementary calcium and vitamin D and bone mass accrual in pre-pubertal children [41, 42] . In those studies, the baseline average intakes of these nutrients were below recommendations, and sunlight exposure was likely to be low based on the latitude where the population resided (Finland) [41, 42] . Positive relationships between key bone nutrients and bone outcomes may not be as pronounced in well-nourished children, compared to those with nutrient deficits.
The current study has several strengths. The participants were a relatively homogeneous group based on physical maturity and geographical location, which alleviates confounding factors. In particular, the pre-pubertal status of all the participants minimized the influence of variable hormonal exposure. Furthermore, the current study investigated associations of dietary intake in relation to lumbar spine bone mass, geometry, and strength, while accounting for physical activity. When evaluating the association between activity exposure dose and lumbar spine bone outcomes, the statistical effect of each focal nutrient was taken into account. Therefore, the findings reflect diet and physical activity as factors in bone outcomes among well-nourished children, allowing comparison of diet and activity explanatory value.
Methodologically, the paired scans provided 3D metrics for more appropriate evaluation of vertebral body-specific bone mineral content, density, geometry, and strength. The YAQ questionnaire allowed us to assess the intakes of each focal nutrient through diet and supplementation. This detail has only been evaluated by a few past studies investigating the relationship between dietary intake and bone outcomes [43, 44] . The assessment of both dietary and supplemental intake provided us the advantage of comparing the influence of nutrients from different sources on bone outcomes in children. In this scenario, Bnon-supplemented^indicators of vitamin intake were more influential as factors in bone outcomes than supplement-based indices. This suggests that Bwhole food^-based intakes may be the most important nutritional factors to consider in pediatric bone health.
This study is not without limitations. First, the study did not take genetics into account. Second, we did not evaluate change in the participants' bone mass over time. Third, the exclusion of pubertal and mature subjects from the parent study led to a relatively small sample size, which reduced statistical power. In addition, due to the secondary nature of this analysis, the participants were not recruited based on nutrition-related objectives but were recruited based on age and activity patterns. In this cohort, we observed a broad range of physical activity doses (0-21.5 h/week) and energy intakes (1149.24-3550.13 kcal). It is possible that inadequate calorie intake for energy expenditure may have played a role in bone properties, potentially dampening favorable associations between loading and bone properties. Future research should be designed to more specifically evaluate energy balance, loading, and nutrient intakes as factors in PALAT bone properties.
Furthermore, to evaluate vertebral body properties, one should ideally assess multiple vertebrae. In this cohort, we found that PABMD was positively correlated for L3 versus L1-L4 (r = +0.63, p < 0.001). We are not able to evaluate the extent to which intervertebral discrepancies in PABMD are a function of vertebral body properties (relevant to our analyses) versus posterior element variation (irrelevant to our analyses). Accordingly, future research should be conducted using quantitative computed tomography to evaluate lifestyle variables as factors in vertebral body-specific properties for multiple vertebrae.
Finally, we evaluated a large number of dietary variables, although these were less than 10% of the variables provided as YAQ output (>230 nutrient variables). Based on chance alone, we would expect 5% of nutritional variables evaluated to correlate with bone outcomes (1/21). After accounting for activity and age or height, as appropriate, we detected significant bone associations for 7/21 or 33% of diet variables evaluated, thereby exceeding the number of significant factors predicted due to chance alone. As we evaluated multiple bone outcomes, the representation of individual variables across variables of each type (bone mass, geometric and Bhybrid^indices) suggests that fiber and B 12 are most likely to represent influential factors in development of vertebral body bone mass, geometry, density, and strength. Further research is necessary to see if these nutrients are consistently influential across the entire pediatric growth curve, across the skeleton, and in other populations.
Our study participants appear to be guided and supported to develop healthy eating habits and participate in extracurricular exercise. Associations between nutrient intake and bone outcomes in well-nourished children might not be as obvious as in children with variable levels of nutrient insufficiency. In addition, only 30% of the participants' average weekly hours of physical activity met the recommendation of 60 min/day, with or without aquatic activity included [45] . The high observed coefficient of variation for physical activity (CV = 74%) indicates high variability in exercise exposure among subjects. Our findings may indicate that physical activity plays a stronger role in bone outcomes than diet in well-nourished children. Specifically, if exercise loading trumps nutrient intake for associations with bone outcomes, then the trend for a negative correlation between vitamin D intake and activity exposure may have masked the influence of vitamin D on bone. Alternatively, it may be easier to detect the influence of physical activity when participants range widely from inadequate to very high exercise exposure; nutritional variability may have been inadequate to detect significant dietary correlations for many key variables.
Conclusion
We identified significant dose-related associations for physical activity, fiber intake, and unsupplemented vitamin B 12 intake as factors in a variety of bone outcomes in this cohort of well-nourished and active pre-pubertal girls. Physical activity appears to play a stronger, more consistent role in influencing bone outcomes than nutrient intakes in this context. Higher levels of physical activity were significantly associated with higher third lumbar vertebral body bone mass, areal density, vertebral width, and calculated bone strength in axial compression, as well as lower vertebral height and fracture risk index. We did not observe significant relationships between physical activity and vertebral depth, volume, or paired scan bone mineral apparent density. Failure to observe associations between assessed lifestyle factors and apparent density calls into question decades of PA areal density findings that have been interpreted to suggest that vertebral body trabecular density may be improved via diet and exercise. Vitamin B 12 intake was positively associated with multiple bone parameters, while fiber intake was negatively associated with bone outcomes. The observed negative correlations between fiber intake and bone properties are of concern, as they suggest that recommendations for Bhigh fiber diets^may be carried too far, compromising bone health for growing girls. Future studies investigating the influence of genetics on bone outcomes are warranted. Furthermore, studies with a more diverse cohort composition in terms of race, ethnicity, nutrient intake, and socio-economic status are also recommended.
